Abstract
Introduction
One of the most common tissues for transplantation worldwide is bone. In the fields of orthopedics, neurosurgery and dentistry, bone grafts are used in order to reconstruct bone defects and stimulate bone healing after trauma and bone loss. 1, 2 There are several methods of bone transplantation; they include the use of autologous, allogeneic and xenogeneic bone tissues, as well as synthetic bone substitutes. Autologous bone is harvested from the patient's own body, while allografts are obtained from a bone bank. Xenogeneic bone, on the other hand, originates from other species. Synthetic variants can be created from ceramics, coralline hydroxyapatite, bioactive glasses, glass ionomers, and biological/synthetic composite grafts. [1] [2] [3] The use of synthetic bioactive bone substitute materials is of keen interest in modern dentistry as an alternative to autogenous bone grafts.
To date, diverse types of biomaterials for bone regeneration have been used, e.g., non-mineral and mineral-based materials, with and without natural or artificial polymer. 4, 5 Heretofore, hyaluronic acid (HA)-based biomaterials, such as Geistlich Bio-Oss ® (Geistlich Pharma AG, Wolhusen, Switzerland) or NanoBone ® (Artoss Inc., Foley, USA), were the most abundant materials used in modern bone substitution. Calcium phosphate cements, such as Cerasorb ® (Curasan AG, Frankfurt am Main, Germany) or Straumann Bone Ceramic ® (Straumann Holding AG, Basel, Switzerland), currently play a secondary role in dentistry. 2 It is well known that plants and animals naturally produce a variety of polymers which can serve as a solid source for biomaterials, such as collagen, silk or cellulose. 2, 6 The use of vegetable fibers in polymeric composites, in particular bast fibers from flax, hemp or jute, has been reported in many studies. [7] [8] [9] [10] Composites enhanced with natural fibers have been used in medicine as artificial scaffolds for tissues, drug-release systems, cardiovascular patches, or nerve cuffs. 11, 12 Recently it was shown that wound treatment with flax dressings effectively reduced wound exudates and fibrin levels, and increased new granulation. 13 Furthermore, it has been demonstrated that cellulose fibers isolated from flax have good in vitro and in vivo biocompatibility and support bone regeneration. [7] [8] [9] However, flax composites are of limited use because, although cellulose is hydrophilic, it is insoluble in water as well as most organic solvents, and is not biodegradable. 10 Oxidized cellulose is a water-insoluble derivative of cellulose and it is one of the most important biocompatible and bioresorbable polymers. It can be produced after oxidation of highly pure cellulose in many different forms, such as powder, textile, paper, or fibers.
14 Depending on the amount applied, oxycellulose can be absorbable. 15, 16 It has recently been shown that bone defects treated with oxidized cellulose were completely filled with connective tissue with embedded foam cells and that natural bone regeneration was suppressed. 17 Contrary to these findings, oxidized cellulose has been long used as a hemostatic agent in general, oncoplastic breast and dental surgery. [14] [15] [16] [18] [19] [20] [21] [22] [23] Tissue response to biomaterials depends on a variety of factors, including the physico-chemical properties of the implant, its biodegradability/bioresorbability, as well as the site of implantation. [24] [25] [26] Due to the fact that oxidized cellulose could also be applicable for short-term treatment of bleeding or periodontal defects in dentistry, the aim of this study was to evaluate the absorbability and biocompatibility of the oxycellulose material RESO-Cell ® standard (Resorba Wundversorgung GmbH, Nuremberg, Germany) by implanting it in rat muscle tissue. In addition, the specific tissue response to the implanted oxycellulose has been characterized.
Material and methods

Test material
Reso-Cell
® standard is a resorbable hemostat made from oxidized cellulose. It is used in the form of gauze strips produced from natural cellulose derived from cotton.
Experimental design and surgical procedure
Twenty adult Lewis 1A rats of both sexes (3 months old, body weight 250-350 g) were used. All the surgical and experimental procedures were approved by the Animal Welfare Committee of the State Government of MecklenburgWestern Pomerania (LALLF M-V/TSD/7221.3-1.1-033/11). Each rat was anesthetized with an intraperitoneal injection of ketamine (10%; CEVA Tiergesundheit, Düsseldorf, Germany) and rompun (2%; Bayer HealthCare, Leverkusen, Germany) and a skin incision was made on the back of the lattisimus dorsi muscle as described previously. 7, 27 After exposition and transection of the fascia, the defect was covered with oxycellulose (1 × 1 cm) and then subsequently closed with wound clips (Fig. 1) . Five rats undergoing surgical procedures without any material insertion served as negative controls.
The rats were sacrificed after 4 (n = 14) or 8 weeks (n = 6) and the inserted material with the surrounding tissue of the latissimus dorsi muscle was harvested. The samples were processed for gene expression analysis (n = 9) and histological examination (n = 11).
For the molecular-biological examinations, the samples were shock-frozen in liquid nitrogen and stored at −80°C. For the histological examination, the samples were placed in 4% formalin in phosphate-buffered saline (PBS) for 1 week at room temperature, then routinely dehydrated in a series of increasing concentrations of ethanol (50%, 70%, 80%, 90%, 96%, and 100%) or xylol for 12 h, and finally embedded in paraffin.
Histological processing
The paraffin blocks were trimmed in serial longitudinal sections of about 3 µm using a microtome (Leica RM 2155; Leica Microsystems GmbH, Wetzlar, Germany). Some of the sections were then stained with hematoxylin/eosin (H&E) to assess the general overview of the tissue structure. Some sections were also immunostained against CD68 antibody, a marker for various cells of the macrophage lineage, including monocytes, histiocytes, giant cells, Kupffer cells, and osteoclasts; or against CD45, an antibody which distinguishes leucocytes/lymphocytes from nonhematopoietic cells.
For immunohistological (IHC) staining, the sections were first deparaffinized, rehydrated, rinsed for 10 min in tris-buffered saline (TBS) and incubated in citrate buffer pH 6.0 in a water bath at 95-99°C for 40 min. After cooling down the slides for 20 min at room temperature, the endogenous peroxidase was blocked with 0.3% H 2 O 2 in darkness. Following further rinsing, the sections were incubated with the primary antibody (Table 1 ) in a humid chamber. The staining was performed following the instructions for the EnVision+ System-HRP (DAKO, Glostrup, Denmark), counter-stained with Mayer's acid hemalum and then cover-slipped. For negative controls, the primary antibody was replaced by PBS.
Quantitative reverse transcription polymerase chain reaction
Homogenization of the muscle samples and total RNA isolation were performed using TRIzol and QIAzol lysis reagents (Qiagen Inc., Hilden, Germany) and the RNeasy The following genes were quantified: collagen type 1 and type 2 (COL1A1 and COL2A1); insulin-like growth factor (IGF) 1 and IGF2; vascular endothelial growth factor (VEGF); and myostatin (MSTN), a negative regulator of muscle growth. The quantification of the expression of different rat genes were performed as described previously by using the master mix contained in the innuMix qPCR Master Mix Probe (Analytik Jena AG), ×10 specific probes and primers (IGF1: Rn 00710306_m1; IGF2: Rn 00580426_m1; VEGF: Rn 01511602_m1; MSTN: Rn 00569683_m1; COL1A1: Rn 01463848_m1; COL2A1: Rn 00563954_m1; Eukaryotic 18S rRNA Endogenous Control: 4310893E; PE (Applied Biosystems, Weiterstadt, Germany) and RNase free water. 7, 27 Fig. 1. Surgical approach: A -skin incision above the latissimus dorsi; B -insertion of the oxidized cellulose; C -wound closure using skin staples 
Statistical analysis
All the statistical analyses used the paired t-test and were performed using SigmaStat 3.5 software (Systat Software, Inc., San Jose, USA). Data is given as means ± standard error of the mean (SEM). The p-value <0.05 was considered statistically significant.
Results
All the animals survived the procedure without major complications, such as allergic reactions, abscesses or infections, and postoperative healing was smooth.
Degradation of oxycellulose in skeletal muscles: the results of histiocytic infiltration
In the histological sections after both 4 and 8 weeks, there were no signs of intact oxycellulose in the muscle tissues. Above the muscle tissue, a strong collection of round basophil cells was visible, which are normally not present in this area ( Fig. 2A) . On closer inspection, this cell collection could be identified as a marked resorptive histiocytic inflammation with an accumulation of foam cells. There were some histiocytes embedded in connective tissue that showed a foamy inside -probably an indication of captured oxycellulose particles. Furthermore, no giant cells, lymphocytes or encapsulation of the material were observed (Fig. 2,3) . The area enriched in the rounded cells showed collagen accumulation (Fig. 2A) . The accumulated cells were CD68-positive and thus of monocyte/macrophage origin (Fig. 4A) . Nontreated control rats showed a slight positive reaction for CD68 in the epimysium (Fig. 4C) .
Quantitative reverse transcription polymerase chain reaction
Four weeks after oxycellulose insertion, the animals were sacrificed and 2 muscle sections were prepared: 1. treated muscle tissue and 2. untreated muscle tissue. Both samples from each rat were used for molecular-biological analyses and the intra-individual gene expression of collagens and growth factors were detected (Table 1 ).
In oxycellulose-treated muscle tissue, 1.9 times higher mRNA levels of COL1A1 were found. None of the other genes tested showed any difference between muscle tissue from oxycellulose-treated and untreated rats ( Table 2) . A -overview image, magnification ×100; the blue frame marks the area of the enlarged photographs as shown in B -magnification ×200 and C -magnification ×400 fc -foam cells; mt -muscle tissue; ft -fatty tissue. Table 2 . Gene specific transcription levels in rat muscle tissue samples. The mRNA levels are given in relation to those of 18S rRNA. Means ± standard error of the mean (SEM) are given in all cases for n = 8 samples. The p-values indicate statistically significant differences between oxycellulose-treated muscle tissue and untreated tissue from the same rat; paired t-test 
Discussion
The use of plant fibers for the production of wound covering materials is becoming an important area of science. Effective wound closure, reduced treatment times and reductions in post-traumatic infection can be achieved by imbedding drugs in the fiber materials. 28 It was recently shown that treatment with flax dressing products from genetically engineered flax plants able to synthesize antioxidative compounds reduced wound exudates, wound size and fibrin levels, and increased the level of new granulation in patients with chronic venous ulceration. 13 Another genetically modified flax plant was able to produce polyhydroxybutyrate (PHB). 29 Composites from these plants have demonstrated good in vitro and in vivo biocompatibility. [7] [8] [9] A problem with the use of plant fibers is the fact that they are not biodegradable and cannot be absorbed, since the main component of the fibers is the natural polymer cellulose. 30 This problem can be circumvented by oxidizing the cellulose.
Oxidized cellulose was first introduced in 1943 and was developed by controlled oxidation of cellulose. 31 This material is widely used to control intraoperative diffuse capillary, venous and small-arterial bleeding in general surgery and breast-conserving surgery. [14] [15] [16] 18, 19, [21] [22] [23] Furthermore, tissue regeneration after surgical exposure of periodontal defects has been shown when using oxidized cellulose meshes. 20, 32 Due to the fact that oxidized cellulose is bioabsorbable within 7-14 days, this material is often left in the surgical bed. 33 It is advantageous that oxycellulose has definite and potent antipathogenic effects against a variety of organisms as well as an ability to mediate blood-platelet aggregation, deposition and activation. [34] [35] [36] Meanwhile, there have been many other reports about the histopathologic effects of hemostatic reagents in animals and humans. 33, [37] [38] [39] Rather mild side effects have been described. Oxidized cellulose applied on the epidural region of laminectomy sites in rats caused chronic inflammation, moderate or severe fibrosis and mild or moderate increased vascularity in some animals. 39 Similar results were described in an experimental study on the use of oxycellulose as filler in oncoplastic breast cancer. 22 An increase in connective tissue was confirmed by the molecular biological studies in the present work: we found that COL1A1 mRNA expression was significantly increased in oxycellulose-treated muscle tissue compared to the untreated animals. The histological results of the study presented here showed more serious side effects: we found a persistent strong resorptive histiocytic reaction in the implantation bed of oxidized cellulose. Resorptive histiocytic inflammation is a reaction of macrophages/foam cells, which record the material in the cells. In contrast, both giant cells and lymphocytes were missing. Thus, our results are consistent with those of previous studies. 39 It is well-known that oxidized cellulose decreases the pH value of the surrounding tissue. The lowering of the pH is the reason for the antimicrobial effect against pathogenic organisms. 34, 35 However, Tomizawa showed that acidic pH also increases inflammation of the surrounding tissue and delays wound healing. 40 Recently, it was reported that the use of oxidized cellulose could cause intra-abdominal foreign-body granuloma, a more serious side effect, which is indistinguishable at first glance from a tumor. 33, 37, 38 As early as 1943 it was shown that the biodegradation of oxidized cellulose depends on different factors, such as the quantity of implanted material and environmental conditions. 31 It should be noted that the size of the implanted oxycellulose used in our study (1 cm 2 ) was very large in comparison with the implantation site. This, among other things, may have triggered the strong inflammatory reaction. Indeed, we observed clear infiltration of mononuclear cells in the muscle tissue in the area of the implanted oxycellulose. However, no oxycellulose could be observed 4 weeks after its implantation. This implies that the filling material was absorbed by the activity of monocytes/ macrophages, identified by the presence of the common CD68 antigen, which extensively infiltrated the treated muscle tissue.
The implantation site plays also an important role in the biodegradability of oxycellulose. 31 It was recently shown that the use of oxidized cellulose was characterized by diffuse fibrosis and neovascularization within the oxycellulose construct at postoperative week 20, without any inflammatory effects or encapsulation. Furthermore, macrophages were predominantly found 10 weeks after surgery, whereas fibroblasts dominate at postoperative week 20. 22 These results indicate that in the case of experimental breast-conserving surgery the oxycellulose was still detectable even after 30 weeks. In the current study, no intact cellulose fibers were found 4 and 8 weeks after insertion of the oxycellulose strips on the latissimus dorsi. A previous study reported a similar observation in the skulls of rats: no residual fibers of oxycellulose could be detected after 8 weeks. In that earlier study it was demonstrated that insertion of oxidized cellulose in bone defects resulted in decreased bone healing. The surgically created bone defects were completely filled with connective tissue with embedded foam cells. Furthermore, bone resorption processes seemed to be activated, since residual bone was resorbed. 17 The biggest difference between our new study and a study by Franceschini et al. was that in that study, no accumulation of absorbed oxycellulose could be detected in the breast tissue of the rats. 22 This could be due to the nature of the material; in our study strongly woven oxycellulose fibers were used (data not shown).
Conclusions
In conclusion, the study has shown that oxidized cellulose can cause an inflammatory response after this material is implanted in skeletal muscle tissue. Therefore, it is not recommended to leave this material in the body over a long period. However, this material could be used as an auxiliary material in the treatment of periodontal defects.
